N6-methyldeoxyadenine (6mA) is a noncanonical DNA base modification present at low levels in plant and animal genomes [1] [2] [3] [4] , but its prevalence and association with genome function in other eukaryotic lineages remains poorly understood. Here we report that abundant 6mA is associated with transcriptionally active genes in early-diverging fungal lineages 5 . Using single-molecule long-read sequencing of 16 diverse fungal genomes, we observed that up to 2.8% of all adenines were methylated in early-diverging fungi, far exceeding levels observed in other eukaryotes and more derived fungi. 6mA occurred symmetrically at ApT dinucleotides and was concentrated in dense methylated adenine clusters surrounding the transcriptional start sites of expressed genes; its distribution was inversely correlated with that of 5-methylcytosine. Our results show a striking contrast in the genomic distributions of 6mA and 5-methylcytosine and reinforce a distinct role for 6mA as a gene-expressionassociated epigenomic mark in eukaryotes.
While 5-methylcytosine (5mC) has been well-established as an epigenomic mark in eukaryotes 6 , 6mA has been predominantly appreciated as a modification of prokaryotic genomes 7 and eukaryotic RNA 8 . However, genomic 6mA has recently been demonstrated to play crucial roles in both gene and transposon regulation, where it either (i) suppresses expression of transposable elements in animals during development [2] [3] [4] or (ii) is associated with promoters of actively expressed genes and is involved in nucleosome positioning in algae 1 . These studies demonstrate that while 6mA is present in eukaryotes, it may serve distinct genomic functions across diverse phylogenetic groups.
In the present study we explored adenine methylation across Fungi, a sister kingdom to Metazoa. The kingdom is estimated at ~1 billion years old 5, 9 and is currently taxonomically organized into eight phyla. The six phyla at the base of the fungal kingdom belong to a relatively understudied group collectively referred to as 'early-diverging' fungi 10 , while the remaining two phyla comprise Dikarya, a lineage that diverged from other fungi approximately 500 million years ago 5, 9 (Fig. 1a) . Fungi have long served as model organisms for the study of basic eukaryotic biology, including DNA base modifications such as 5mC (ref. 6 ). In fungi, 5mC is frequently involved in genome defense against transposable-element proliferation 6, 11 and occurs symmetrically on palindromic CpGs of opposing DNA strands. While primarily restricted to repeats in fungi, in other eukaryotes, 5mC is also found within genes but is commonly excluded from CpG-rich regions surrounding gene promoters. Notably, this distribution contrasts with adenine methylation in algae (Chlamydomonas reinhardtii), where promoter regions appear to be enriched in methylated adenines 1 .
Here we used single-molecule real-time (SMRT) sequencing 12 to decode and analyze 16 genomes from across the fungal phylogeny for presence of adenine methylation (Supplementary Table 1 and Supplementary Fig. 1 ). Our sampling covered both phyla of Dikarya (n = 6 samples) and all phyla of early-diverging fungi except Cryptomycota and Microsporidia (n = 10 samples; Fig. 1a) . In Dikarya, we observed 6mA levels broadly similar to those previously reported in model eukaryotic genomes [1] [2] [3] [4] , ranging from 0.048% (Leucosporidiella creatinivora; Pucciniomycotina) to 0.21% (Protomyces lactucaedebilis; Taphrinomycotina). In contrast, we found high levels of 6mA in some early-diverging fungi, where up to 2.8% (Hesseltinella vesiculosa; Mucoromycotina) of all adenines were methylated (Fig. 1a,b and Supplementary Table 1) .
To confirm the abundance and accuracy of SMRT-detected 6mA in early-diverging fungi, we performed both mass spectrometry analysis (Supplementary Fig. 2a ) and 6mA immunoprecipitation (IP) followed by sequencing ( Supplementary Fig. 2b,c) for several lineages. While strong agreement across methods was observed for earlydiverging fungi, additional validation experiments did not agree with SMRT-detected 6mA sites in the less-methylated Dikarya, suggesting that either (i) 6mA sites detected using SMRT analysis were largely false-positives in these genomes or (ii) due to their low abundance, it was difficult to accurately resolve 6mA presence and/or positioning using 6mA IP and mass spectrometry analysis (Supplementary Note 1). Methylation ratio analysis of individual 6mA sites showed that most positions are fully or nearly fully methylated (i.e., 100% of reads showed a methylation signature at a given position) in earlydiverging fungi (but not Dikarya; Supplementary Fig. 1d) , further supporting the notion that 6mA represents a reproducible and potentially functional epigenomic mark in these species.
Nearly all 6mA marks in early-diverging fungi were in the ApT context and symmetrically methylated (Fig. 1c) . In 5mC eukaryotic DNA methylation, symmetric CpG methylation allows parental strands to carry marks through DNA replication as well as to propagate them to the newly synthesized child strand 13 . Given a comparable preference for symmetric methylation across these two epigenetic marks, it is plausible to expect that 6mA can also be propagated across nuclear division. In contrast, in Dikarya we found no preference for ApT sites and no symmetric methylation (Fig. 1c) .
We found that 80-99.6% of 6mA marks in early-diverging fungi were concentrated in dense methylated adenine clusters (MACs; Figs. 1d and 2a-c) , while marks in Dikarya were largely unclustered. Despite slight variations of MAC characteristics (Fig. 2c) , all earlydiverging fungi displayed strong avoidance of 6mA deposition at one ApT-containing trinucleotide, TAT (and its reverse complement, ATA), l e t t e r s l e t t e r s which was almost never methylated ( Fig. 2d and Supplementary  Fig. 3 ). However, while we have identified several putative methyltransferases (Supplementary Note 2 and Supplementary Dataset 1), the genes involved and mechanisms driving this avoidance remain elusive. We hypothesize that avoidance of TAT may be due to either a possible interference of 6mA with TATA-box functioning or steric hindrance impeding methyltransferase activity. However, methylation at other ApT-containing trinucleotides within MACs ranged from 49 to 92% (Supplementary Fig. 3b ). These results demonstrate a highly sequence-context-dependent presence of 6mA in early-diverging fungi and support a possible role of TAT trinucleotides as functional components of MAC architecture.
Looking at the distribution of 6mA across early-diverging fungal genomes, we observed that almost all marks concentrated in promoter regions of protein-encoding genes, either at or slightly downstream of the transcriptional start sites (±500 bp; Fig. 2a,b) . Furthermore, the structure and positioning of MACs appears to be influenced by nucleotide composition surrounding promoters. Notably, while we did not see enrichment of ApT dinucleotides within MACs, we did observe that TAT was depleted within MACs (higher frequencies of TAT within MACs was also associated with larger sizes; Figs. 2c and 3 and Supplementary Fig. 4 ) and that MACs often overlapped or were positioned immediately downstream of promoter thymine blocks (T-blocks; Fig. 3 and Supplementary Fig. 4 ), shown previously in C. elegans to be involved in nucleosome-eviction 14 . In C. reinhardtii, 6mA marks spaced less than 150 bp apart (i.e., separated by less than a single nucleosome) lead to the absence of a nucleosome at that location 1 .
Due to their proximity to T-blocks and their high density and large size, we hypothesize that 6mA in fungi also influences nucleosome-DNA interactions. With respect to gene transcription, we found that transcription initiation was often coincident with the start of MACs ( Fig. 3 and Supplementary Fig. 4) .
6mA was strongly associated with gene expression. Typically about half of the genes in early-diverging fungi harbored MACs (Fig. 4 and Supplementary Figs. 5 and 6a ) and the vast majority of these were expressed (fragments per kilobase of transcript per million (FPKM) > 1.0) 1 . In contrast, unmethylated genes overall showed lower expression levels, and a much larger proportion of these lacked expression (FPKM ≤ 1.0; Fig. 4 and Supplementary Fig. 5 ). Furthermore, through interrogating single-copy gene orthologs across early-diverging fungi, we found that 6mA presence was frequently conserved within ortholog clusters (83.6% of the 1,255 clusters investigated showed 6mA present across at least six of the seven lineages surveyed) and that when variability existed between lineages, 6mA presence significantly predicted expression (FPKM > 1.0) of orthologous genes (P = 3.75 × 10 −13 ; hypergeometric test). Notably, while 6mA presence increased the likelihood of expression, the quantity of 6mA on genes did not have any clear impact on expression level (Supplementary Fig. 5a ). These features suggest that while 6mA may act to facilitate transcription, the actual level of expression is regulated independently.
6mA was specifically tied to regulation of protein coding genes, as it was rarely found on predicted microRNAs 15 (Supplementary Fig. 6b ) and almost never directly on tRNAs (Supplementary Fig. 6c ). Whether this regulation occurs through cross-talk with translational machinery, RNA polymerase II or histone modification machinery (as in C. elegans 3 ) is unclear. Highly conserved genes such as core l e t t e r s eukaryotic gene mapping approach (CEGMA 16 ) and genes conserved across all fungi were the most frequently methylated (Supplementary Table 2 ), indicating that 6mA primarily targeted core genes in earlydiverging fungi. Consistent with this, we found that MACs were not randomly distributed across genes in the genome. Rather, they were preferentially present or absent depending upon gene function ( Supplementary Fig. 7a ).
Although the presence of methylation at genes serving particular functions (assigned using Pfam) 17 occasionally varied by organism, many showed a consistent pattern across multiple lineages ( Supplementary  Fig. 7b ). For example, we observed significant (false discovery rate (FDR) corrected P ≤ 0.05, Fisher's exact test) over-abundance of 6mA across all lineages at several genes encoding constitutively expressed housekeeping proteins, such as mitochondrial Rho proteins (PF08477; involved in mitochondrial homeostasis), while some genes, such as those encoding leucine-rich repeat-containing proteins (PF00560; commonly involved in host-microbe interactions) showed a noteworthy lineage-specific variability in 6mA presence or absence. This suggests that 6mA is an important marker of expressed functionally relevant genes and that, while largely conserved, the types of genes methylated can also vary by lineage, perhaps in response to environment. For a full list of significant Pfam domains (FDR corrected P ≤ 0.05, Fisher's exact test) for each lineage, see Supplementary Dataset 2.
The discovery 6mA in early-diverged fungi raises further questions regarding how it may interact with other epigenomic marks such as 5mC. To explore this, we investigated genome-wide 5mC abundance using bisulfite sequencing. We found that in genomes with high 6mA levels such as S. racemosum, H. vesiculosa and L. transversale, 5mC was nearly undetectable (Fig. 1a,b and Supplementary  Fig. 8a,b) . However, in R. globosum and C. anguillulae, where 6mA levels were negligible, we observed abundant 5mC (Fig. 1a,b and Supplementary Fig. 8a,b) , suggesting a shift in epigenomic regulation in favor of 5mC in these chytrids. As expected, we also observed 5mC in Dikarya. These results indicate a strong negative relationship between the presence of one epigenomic mark and the presence of the other. Consistent with previous reports 6 , in all genomes harboring 5mC methylation, it occurred primarily in the CpG context and was symmetrical (Supplementary Fig. 8b ) and restricted to repeats (Supplementary Fig. 8c ). In contrast, 6mA was enriched at promoters and uncommon at repeats (Supplementary Fig. 8d) . Thus, 6mA and 5mC appeared to occupy distinct regions of the genome. Even in Linderina pennispora, the only genome that harbored both marks (at low levels; Fig. 1a,b and Supplementary Fig. 8a ), we observed no overlap between marks.
Our results identify 6mA as a widespread epigenetic mark in earlydiverging fungi associated with transcriptionally active genes. Given the age of the fungal kingdom 5, 9 and the consistency of this signal within early-diverging fungi, it appears that for over 1 billion years the role of adenine methylation has been independently conserved. Notably, although fungi and animals are more closely related phylogenetically, we observed more similarity between 6mA profiles of early-diverging fungi and the alga C. reinhardtii 1 than between early-diverging fungi and Dikarya or any of the animals previously analyzed [2] [3] [4] . That these two distantly related kingdoms share common 6mA profiles raises the possibility that association of 6mA with gene expression is ancestral to the eukaryotic domain of life. Notably, it appears that over evolutionary time 6mA has evolved to serve two mutually exclusive roles: gene expression as in early-diverging fungi and algae 1 ; and gene suppression, particularly of transposable elements, as reported in animals 2, 4 .
Alongside the evolution of dikaryotic mycelia, the drastic transition in 6mA utilization we observed represents a previously uncharacterized and likely critical difference separating Dikarya from other fungi. We suspect that the discovery of adenine methylation being strongly associated with gene expression may explain some of the historic difficulty in genetically modifying early-diverging fungi 18, 19 and consequently may be crucial to developing successful transformation techniques within these (and other) challenging eukaryotic systems. For example, taking MAC positioning and features into consideration when designing constructs may be important for achieving methylation and sufficient expression of target genes. Our study illustrates how pronounced and widely used 6mA is as an epigenetic mark in eukaryotes. We anticipate that further characterization of 6mA will lead to fundamental transformations in our understanding of transcriptional regulation in this domain of life. Rhizoclosmatium globosum JEL800 For sequencing, fungal DNA was sheared to fragments > 10 kb long using a g-TUBE (Covaris). The sheared (or unsheared for P. finnis) DNA was treated with DNA damage-repair mix followed by end-repair and ligation of SMRT adapters using a PacBio SMRTbell Template Prep Kit (PacBio). For L. pennispora, R. globosum and P. finnis, DNA was then size-selected using a Sage Science BluePippen instrument. The prepared SMRTbell template libraries were sequenced on a Pacific Biosciences RSII sequencer using 2-h (H. vesiculosa), 3-h (B. meristosporus) or 4-h (all others) sequencing-movie runtimes. Genomes were assembled using Falcon (see URLs), improved with FinisherSC 21 (for some genomes) and polished with Quiver 22 (Supplementary Table 1 ). As it was designed for use on haploid genomes, we chose to run FinisherSC primarily based on ploidy statistics resulting from Falcon assembly. Each genome was then annotated using the JGI annotation pipeline 23 . Assembly methods and statistics as well as total 6mA bases identified are shown in Supplementary Table 1. 6mA modification detection and filtering. 6mA base modifications were detected with PacBio SMRT Analysis 2.3.0 12 using default parameters. Due to excessive repeats in B. meristosporus, it was not possible to complete SMRT analysis with enough coverage. Thus, we used RepeatScout 24 to mask repetitive sequences present >150× and used this as the input assembly for modification detection. 6mA was rarely found in repetitive sequences in other genomes; before hard-masking we performed a trial run using only five SMRT cells and found that the presence of 6mA in highly repetitive sequence was similarly negligible in B. meristosporus.
URLs
To control for potential false positives, after detecting kinetic signatures we removed any sites that fell below 15× per-strand coverage. Additionally, we calculated the upper limit of coverage calculated using the R boxplot function. Any value greater than the identified upper limit was removed to ensure that we could uniquely map each modification to an individual base, as well as reduce false 6mA discovery due to high coverage. Per-strand read coverage for all lineages and min/max cutoffs for detection of epigenetic modifications are shown in Supplementary Figure 1a ,b. We further filtered results by selecting only 6mA marks with mQV ≥ 25 (Supplementary Fig. 1c ).
Motif analysis and distribution of 6mA across the genome. In order to characterize the local sequence context of methylated adenines we used the Biostrings (wee URLs) and SeqLogo Bioconductor packages 25 . To interrogate the significance of the VATB (IUPAC for [G/A/C]AT[G/T/C]) motif, we surveyed all AT dinucleotides genome wide in each organism and calculated the frequency of all 16 tetramer sequence contexts (±1 nt from ApT); the ratios of tetramer abundance at symmetrically methylated ATs compared to the global distribution are plotted in Supplementary Figure 3a .
The Bioconductor package Genomic Features 26 was used to compare the overlap of gene annotations and 6mA modifications. Promoters were defined using the transcriptional start site of each gene, adding ± 500 nt of flanking sequence. Any remaining sequence from each gene was then classified as the gene body, and the rest of the genome was classified as either repeats 24 or intergenic. To visualize the distribution of methylation surrounding promoters, we gathered all AT dinucleotides relative to the TSS and calculated the percent methylation at each position across all genes (Fig. 2b) .
LC-MS analysis of 6mA. Digested genomic DNA samples were subjected to mass spectrometry analysis based on methods previously reported 3, 27 . Briefly, for sample digestion, nuclease-free water was added to 1-2 µg DNA for a final volume of 26 µL. DNA was denatured at 100 °C for 3 min, then chilled on ice for 2 min. DNA was then digested by adding 1 U DNase I (BioLabs) in 10 mM NH 4 OAC buffer at pH 5.3 and incubating overnight at 42 °C. After overnight incubation, 3.4 µL of 1 M NH 4 HCO 3 and 0.001 U phosphodiesterase I from Crotalus adamanteus venom (Sigma-Aldrich) were added and the sample was incubated at 37 °C for 2 h. Following incubation, 1 U alkaline phosphatase from E. coli (Sigma-Aldrich) was added and the sample was again incubated at 37 °C for 2 h. Finally, the digested DNA was diluted twofold with nucleasefree water and filtered through a 0.22-µm filter. In preparation for LC-MS analysis, 4 µL of an internal standard (2-amino-3-bromo-5-methylbenzoic acid (ABMBA), 10 µg/mL in 10% MeOH) was added to each sample of digested DNA (~68 µL total volume), then centrifuge-filtered through a 0.22-µm hydrophilic PVDF membrane (Millipore Ultrafree-MC). UHPLC reverse-phase chromatography was performed using an Agilent 1290 LC stack with a C18 column (Kinetex XB-C18, 1.8 µm, 100 A, 2.1 × 150 mm) at a flow rate of 0.5 mL/min with 1-, 2-and 8-µL injection volumes for each sample. The C18 column at 60 °C was equilibrated with 100% buffer A (100% H 2 O with 0.1% formic acid) for 1 min, diluting buffer A down to 50% with buffer B (100% ACN with 0.1% formic acid) over 8 min, then up to 100% B over 1 min, followed by isocratic elution in 100% B for 1.5 min. MS and MS/MS data collection was performed using a Q Exactive Orbitrap MS (Thermo Scientific, San Jose, CA). Full MS spectra was collected from m/z 80-1,200 at 70,000 resolution, with MS/MS fragmentation data at 17,500 resolution using 10-, 20-and 30-V collision energies. dA and 6mdA were identified in samples based on m/z and on comparing retention time and MS/MS fragmentation spectra to purchased standards (N6-methyl-2′-deoxyadenosine, CAS 2002-35-9, Santa Cruz Biotechnology; 2′-deoxyadenosine monohydrate, CAS 16373-93-6, Sigma). Quantification of the 6mdA/(6mdA + dA) ratio was performed using calibration curves of the 6mdA and dA standards, each injected at volumes of 1, 2 and 8 µL, at concentrations ranging from 2.5 pg/mL to 100 µg/mL in water. Samples were measured for S. racemosum and L. transversale in digestion duplicates of 1-2 µg and for H. vesiculosa, K. imperatae and C. anguillulae on single samples of 1-3 µg.
6mA IP-seq. 6mA-IP was modified from the previous published 6mA RNA-IP protocol 28, 29 . We sheared 3-5 µg of DNA to 200-400 bp using a Covaris E220 Ultrasonicator (Covaris). The fragments were treated with end-repair, A-tailing and ligation of Illumina compatible adapters (IDT, Inc.) using a KAPA-Illumina library creation kit (KAPA Biosystems). A portion of 10-µL ligated DNA was saved as an input control. We washed 50 µL of Protein A beads twice in 0.5 mL IP buffer (10 mM Tris-HCL (PH 7.4), 150 mM NaCl, 0.1% Igepal CA-630). We then preblocked 40 µL of the beads in 500 µL IP buffer containing 0.2 mg/mL of bovine serum albumin at 4 °C for 6 h. We used 10 µL of the beads to preclear the DNA at 4 °C for 2 h in 500 µL of IP buffer. The supernatant containing precleared DNA was then incubated with 0.5 to 1.0 µg of anti-6mA antibody (ABE572, Millipore) at 4 °C for 4 h. Then, the DNA-6mA-antibody mixture was incubated with the preblocked beads at 4 °C with gentle rotation overnight. The beads were washed four times with 1 mL of IP buffer and twice with 1 mL of Tris-EDTA (TE) buffer. The DNA fragments were enriched with 10-15 cycles of PCR and purified using SPRI beads (Beckman Coulter) for Illumina sequencing. The prepared library was then quantified using qPCR and run on the Illumina MiSeq sequencing platform, using a 1 × 50 run recipe. Following sequencing, input control and IP reads were aligned to each genome (H. vesiculosa, S. racemosum, T. encephala and K. imperatae) with BWA 30 using default parameters. Significant IP peaks (qval ≤ 0.01) were then called using MACS2 (ref. 31) .
MAC identification and nucleotide composition surrounding MACs.
Considering that 6mA is predominantly found in the ApT dinucleotide context in early-diverging fungi, we calculated the distance between adjacent modifications and the number of ApTs traversed to find the ideal relative distance cutoff needed for optimal clustering of modifications. We scored clusters based on two criteria: the density (D) of 6mA at MACs (%6mA) and the efficiency (E) of clustering based on MAC size (MAC length/(MAC length + search distance)). We then calculated the sum of MAC scores (D × E) for all relative distances between 1 and 40. The search distance with the highest MAC score was used as our relative clustering distance to define MACs for each organism, which yielded a relatively normal distribution of MACs lengths (Fig. 2c) .
We also explored distribution of various nucleotides surrounding MACs. For this, we counted occurrence of nucleotides within a flanking sequence (±400 bp) surrounding MACs, as well as across the MACs themselves ( Fig. 3  and Supplementary Fig. 4) . As MACs vary in size, we fragmented each MAC into 100 non-overlapping pieces from start to end and then counted average nucleotide frequency within each fragment (i.e., observed nucleotide count ÷ total number of sites within fragment). The resulting counts were then normalized against the total number of MACs analyzed. For all distributions surrounding MACs, we only used MACs that directly overlapped either the TSS or the coding sequence (CDS) start site of a single gene to ensure proper orientation with gene direction. For thymine distribution, as MAC boundaries were always defined by methylation at ApT locations, artificial peaks and valleys in T frequency emerged at borders and were therefore trimmed.
Conservation of methylated genes.
To survey 6mA presence with respect to gene conservation, we included these 16 genomes in a large ortholog clustering experiment (total: 196 taxa; Supplementary Dataset 1). We randomly sampled two published fungal genomes from MycoCosm 23 per family across all fungi and identified gene orthologs using mcl 32 (blastp 33 ; cutoff: 1 × 10 -5 ; inflation factor of 2). For each genome, we determined gene conservation across the fungal kingdom at all taxonomic levels and then examined the frequency of methylation for each early-diverging lineage (Supplementary Table 2 ). Since we observed most MACs overlapped with genes slightly downstream of the TSS, we defined a gene as methylated if a MAC >100 bp was found ±500 bp from the CDS start. We also explored the methylation status of CEGMA genes (Core Eukaryotic Genes Mapping Approach 16 ), which are expected to be present across all eukaryotes. CEGMA proteins were identified using BLAST with a minimum e-value cutoff of 1 × 10 -5 .
Phylogeny reconstruction. For phylogeny reconstruction, we included all genomes analyzed in this study as well as four genomes previously described to harbor 6mA, including C. reinhardtii 34 37 . We then identified single-copy orthologs that were present in > 40% of taxa using mcl 32 (1 × 10 -5 , inflation factor = 2) and aligned proteins with MAFFT 38 using default parameters. Ambiguous bases or uninformative sites were then removed using Gblocks 39 with the following parameters: -t = p, -e = .gb and -b4 = 5. This resulted in 285 single copy ortholog clusters, which were concatenated together for phylogeny reconstruction using RAxML 20 under the PROTGAMMAWAGF substitution model. We performed 100 bootstrap replicates.
Gene expression analysis. Except for C. anguillulae, for each lineage we generated stranded cDNA libraries using an Illumina Truseq Stranded RNA LT kit. mRNA was purified from 1 µg of total RNA using magnetic beads containing poly-T oligos. mRNA was fragmented and reversed transcribed using random hexamers and SSII (Invitrogen) followed by second-strand synthesis. The fragmented cDNA was treated with end-repair, A-tailing, adaptor ligation and 8 to 10 cycles of PCR. The prepared libraries were quantified using KAPA Biosystem's next-generation sequencing library qPCR kit and run on a Roche LightCycler 480 real-time PCR instrument. The quantified libraries were then prepared for sequencing on the Illumina HiSeq sequencing platform using a TruSeq paired-end cluster kit, v3 or v2, and Illumina's cBot instrument to generate a clustered flowcell for sequencing. These flowcells were then sequenced on an Illumina HiSeq2000 or HiSeq 2500 sequencer using a TruSeq SBS sequencing kit, v3 or v4, for 200 cycles, following a 2 × 150 indexed run recipe.
For C. anguillulae, mRNA was purified twice from total RNA using an Absolutely mRNA tm purification kit (Stratagene). Subsequently, the mRNA samples were chemically fragmented to 200-250 bp using 1× fragmentation solution for 5 min at 70 °C (RNA Fragmentation Reagents, AM8740-Zn, Ambion). First-strand cDNA was synthesized using Superscript II Reverse Transcriptase (Invitrogen) and random hexamers. cDNA was purified with Ampure SPRI beads. Then the second strand was synthesized using a dNTP mix (with dTTP replaced with dUTP), E. coli RnaseH, DNA ligase and DNA polymerase I for nick translation. The dscDNA were purified and selected for fragments 200-300 bp using a double Ampure SPRI bead selection. The dscDNA fragments were then blunt-ended, poly-A-tailed and ligated with Truseq adaptors using an Illumina DNA Sample Prep Kit (Illumina). Adaptorligated DNA was purified using Ampure SPRI beads. Then the second strand was removed by AmpErase UNG (Applied Biosystems) similarly to the method described in Parkhomchuk et al. 40 . Digested cDNA was again cleaned with Ampure SPRI beads. Paired-end 76-bp reads were generated by sequencing using the Illumina HiSeq instrument.
Raw reads were filtered using the JGI QC pipeline. Briefly, this involved raw read evaluation for artifact sequence using BBDuk (see URLs) through k-mer matching (k-mer = 25), allowing 1 mismatch. Detected artifacts were trimmed from the 3′ end and RNA spike-in, PhiX and reads containing Ns were removed. Quality trimming was performed using the phred trimming method set at Q6. Finally, reads shorter than 25 bases or 1/3 of the original read-length (whichever was longer) were removed. FPKM values were calculated for each genome assembly using filtered RNA-seq reads mapped to gene models using Tophat 41 followed by Cufflinks version 2.1.1 42 using default parameters, with the exception of enabling fragment bias correction and reducing the maximum intron length to < 100,000 bp. Expression of each gene was then analyzed with respect to presence or absence of a MAC (±500 bp from CDS start; Fig. 4) . Additionally, we identified bidirectional bestblast hits (BBH) across seven early-diverged fungi (H. vesiculosa, A. repens, S. racemosum, L. transversale, B. meristosporus, A. robustus and P. finnis) and then used single-copy BBH clusters (1,255 total), which varied in methylation status (626 clusters), to explore whether 6mA presence significantly predicted gene activity using the hypergeometric test (phyper function in R). For the purpose of genome annotation, transcriptome assemblies were built using RNNotator 43 for all genomes except those of A. repens, C. aquaticus, P. vexata and T. encephala, which were assembled using Trinity 44 .
We also investigated expression directly upon MACs using filtered RNA-seq reads mapped to the genome using gmap 45 . Using the same approach as above (see "MAC identification and nucleotide composition surrounding MACs") we investigated how frequent expression was across the MAC, as well as ±400 bp flanking MACs (Fig. 3 and Supplementary Fig. 4 ). MACs included in this analysis were a minimum of 100 bp in length, expression was normalized to the genome with the lowest number of RNA-seq bases mapped and a minimum cutoff of 10× read coverage was used to identify expressed bases. In addition to 6mA at genes, we found that MACs themselves typically marked regions of expression even in the absence of identified gene models. Since RNA was poly-A-selected before sequencing, these may represent candidate short peptides that traditional gene modeling fails to capture and may indicate 6mA as a potentially useful tool for tuning current gene modeling algorithms.
Separation of 6mA by gene function. To assess the functional consequences of 6mA presence, we explored methylation presence or absence at genes, separated by gene function (assigned using pfam version 30) 17 . For each genome, we analyzed genes harboring common pfam domains (present in at least eight genes) and compared methylation presence or absence to the expected frequency based on the total number of genes methylated in each genome (Fig. 4) Pfam domain analysis for methyltransferase identification. Pfam domains were identified using pfam version 30 (ref. 17) using the default search parameters. We included protein sequences from all taxa used in ortholog clustering (see above) and then searched these data for pfam domains that differed substantially in abundance between early-diverging fungi and Dikarya. Pfam counts across these two groups were compared using the independent twosample t test followed by FDR correction. For a full list of pfam differences and Bisulfite sequencing. For all genomes except H. vesiculosa and R. globosum, 1 µg of DNA was sheared to 500 bp using a Covaris LE220 (Covaris). DNA fragments smaller than 200 bp were removed using SPRI beads (Beckman Coulter). The fragments were treated with end-repair, A-tailing and ligation of methylated Illumina adapters (Illumina) using KAPA's Illumina library creation kit (KAPA Biosystems). The adaptor-ligated DNA was bisulfite-treated using EZ DNA Methylation Lightning Kit (Zymo Research), converting the nonmethylated nucleotides from cytosine to uracil. The converted DNA was enriched with ten cycles of PCR and then purified of PCR artifacts and sizeselected using SPRI beads (Beckman Coulter). The prepared libraries were quantified using qPCR and run on the Illumina HiSeq sequencing platform, following a 2 × 151 indexed run recipe.
For the genomes of H. vesiculosa and R. globosum, single-end 150-bp MethylC-seq libraries were prepared according to Urich et al. 46 and sequenced on an Illumina NextSeq 500. Lambda-phage genomic DNA was used as a negative control to determine the efficiency of the sodium bisulfite conversion reaction.
Analysis of 5mC data. For the all genomes except H. vesiculosa and R. globosum, bisulfite-seq reads were quality controlled using BBDuk (see URLs), where they were first evaluated for artifact sequence by k-mer matching (k-mer = 23), allowing 1 mismatch. Detected artifacts were trimmed from the 3′ end of the reads; quality trimming was performed using phred trimming set at Q6; and reads 50 bp or shorter were removed. Finally, one base off the right end of each read was trimmed to prevent creation of completely contained read pairs. Reads were then mapped to each reference genome using Bismark version 0.16.3. For read mapping, bowtie1 (ref. 47 ) was used with seed length set to 40. Reads were mapped first in paired-end mode (max insert size set to 1,000), and unmapped reads were remapped individually using single-end mode. Prior to calling methylated cytosines, reads were deduplicated and reads that mapped to multiple locations were removed. Results were then combined for downstream analysis. Average per-strand cytosine coverage for each genome ranged from 11× (S. racemosum) to 44× (C. anguillulae), and bisulfite conversion efficiency ranged from 94.21% (S. racemosum) to 96.11% (L. transversale), based on spike-in controls.
For the genomes of H. vesiculosa and R. globosum, sequencing data was aligned to the genome using the methylpy pipeline 48 . Reads were trimmed of sequencing adapters using Cutadapt 49 and then mapped to both a converted forward strand (cytosine to thymine) and converted reverse strand (guanine to adenine) using bowtie 47 . Reads that mapped to multiple locations and clonal reads were removed. While the average per site coverage was 53.24 with an s.d. of 21.68 following mapping for H. vesiculosa, per-site coverage for R. globosum was very low (1.6×, s.d. = 1.47). Despite low depth, we still saw a strong 5mC signature from R. globosum at CpG dinucleotides and enrichment at repeats. Nonconversion rates were determined for both genomes using the lambdaphage control (0.16% for H. vesiculosa and 0.12% for R. globosum). Weighted DNA methylation was calculated for CG, CH (H = A|C|T) and all C sites by dividing the total number of aligned methylated reads by the total number of methylated plus unmethylated reads 50 . All 5mC results were then filtered by methylation ratio (minimum ratio = 0.2). With the exception of R. globosum, all libraries were also filtered by coverage (minimum 10× coverage).
Statistics.
To explore whether 6mA presence significantly predicted gene activity, we used hypergeometric tests (phyper function in R); see "Gene expression analysis" above. For analysis of methylation presence or absence at genes based on their function, we analyzed genes harboring common pfam domains (present in at least eight genes) and compared the actual methylation presence or absence to the expected frequency based on total number of genes methylated in each genome (Fig. 4) using Fisher's exact test followed by FDR correction to adjust for multiple comparisons. Adjusted P≤ 0.05 were considered significant (see Supplementary Dataset 2 for a complete list of results from Fisher's exact test). To identify putative methyltransferases involved in 6mA
